ABSTRACT
INTRODUCTION
The increased use of fossil fuel has increased the concentration of CO2 (a greenhouse gas) in the atmosphere, contribute significantly to global warming. Over the past two decades, CO2 concentration has increased from 280 ppm to 400 ppm, more than the normal limits of about 350 ppm [1] [2] [3] . Therefore, specific technologies are required to solve this problem.
Carbon capture and storage (CCS) is an alternative method to decrease CO2 emissions from fossil fuels [4] , one of which is physical adsorption. Advantages over others separation-based CCS technologies includes high adsorption capacity, low cost, the low energy requirement for regeneration and able to use low-cost porous materials as an adsorbent [5] [6] [7] . Zeolite-X is a potential material for CO2 capture. The pore diameter of zeolite is 0.4 nm [8] , which is sufficient for CO2 kinetics diameter of 0.33 nm [9] , thus, CO2 diffusion into zeolite is fast. In addition, zeolite has overall net negative charge, due to the substitution of aluminum for silicon in the crystalline lattice structure of the zeolite. Zeolite-X has low Si/Al ratio, thus the negative charge of the zeolite is high. The negative charge of the zeolite is neutralized by cations such as sodium, magnesium, and potassium. As a result, zeolite has a high affinity for polar molecules like CO2. CO2 quadrupole moment interacts with the electric field of zeolite, resulting in high adsorption of CO2 into the zeolite structure [10] .
However, synthesized zeolite-X is typically encountered in powder form. As a result, the adsorptiondesorption process at an industrial scale faces difficulties in applications. Addition of supporting material such as fiber is required to solve this problem. The advantages of fiber as a supporting material includes easily forming and high desorption capacity, up to 92.93% at first cycle [11] [12] . Currently, synthetic fibers such as glass, carbon, and aramid are being widely used as supporting materials. However, these fibers have serious drawbacks in terms of biodegradability, initial processing cost, recyclability, energy consumption, health hazards and production of CO2 emissions during the production process. Therefore, natural fibers are required to avoid the negative impact of using synthetic fibers. Natural fibers are environmentally friendly, renewable and low cost [13] .
Kapok fiber (Ceiba petandra B.) is a kind of natural fiber that is being developed as a zeolite support material. It is obtained from the fruit of the kapok tree and is yellowish-brown and slightly lustrous in appearance [14] [15] . Kapok fiber has hydrophobic cement matrix composed of lignin, hemicellulose, and other impurities. This matrix will eventually cause a reduction in fiber strength, cover the functional groups of the fiber and act as a barrier to interlocking with inorganic materials. To effectively optimize interfacial bonding between fiber and matrix zeolite-X, the fiber surface needs to be modified by activation with NaOH [13, [16] [17] . According to previous research [16, [18] [19] , an immersion time of fiber activation can affect the growth of zeolite-X on the fiber surface and the crystallinity of zeolite. Therefore, this research aims to optimize the immersion time of kapok fiber using NaOH in order to achieve high crystallinity of the zeolite-X. Variation of NaOH immersion time during activation process of the fiber was studied to determine the effect of zeolite-X crystallinity on the fiber surface and its CO2 adsorption capacities.
EXPERIMENTAL SECTION Materials
Sodium aluminate powder (anhydrous, SigmaAldrich), sodium silicate solution (contains Na2O7Si3 Sigma-Aldrich), NaOH (99%, Merck), and demineralized water were used as starting materials for synthesis zeolite-X. Kapok fiber was used as a supporting material to grow the zeolite.
Instrumentation
Hotplate-stirrer, the hydrothermal reactor (stainless steel autoclave), oven, X-Ray Diffraction (XRD), the 3D atomic force microscopy (AFM) images and the scanning electron microscopy (SEM) images were taken by NEOS N8 microscope and TM 3000, Hitachi, respectively. Thermal Gravimetric Analysis (TGA) and adsorption furnaces set (gravimetric method) were used to characterize the zeolite and to examine the CO2 adsorption capacity of the zeolite.
Procedure

Activation of kapok fiber
Kapok fiber (± 1 g) was immersed in 20 mL NaOH 4 M solution at polypropylene container. The activation process was conducted at various immersion times for 12, 18, 24, 30, and 36 h at room temperature. Samples at various immersion times were the named of KAPOK 12H (12 h), KAPOK 18H (18 h), KAPOK 24H (24 h), KAPOK 30H (30 h) and KAPOK 36H (36 h).
Synthesis of zeolite-X supported on kapok fiber
Zeolite-X was synthesized from the mixed solution at a molar ratio of 4 Na2O: 0. 2 Al2O3: SiO2: 200 H2O. The solution was stirred for 3 h in polypropylene bottles, then, it was put into an autoclave. The activated kapok fiber was added the amount of 0.024 wt.% into the solution. The temperature of hydrothermal was 100 °C for 24 h. The synthesized zeolite-X supported on fiber was filtered and washed with demineralized water to reach pH 8 and then dried at 100 °C overnight. Samples at various immersion times were then named as ZX-KAPOK 12H, ZX-KAPOK 18H, ZX-KAPOK 24H, ZX-KAPOK 30H and ZX-KAPOK 36H.
Characterizations
The obtained samples were characterized by a variety of characterization techniques. X-ray diffraction (XRD) patterns were obtained using a Panalytical X'Pert Pro MPD diffractometer with Cu Kα radiation to confirm type and crystallinity relative. The Atomic Force Microscopy (AFM) images were taken on a NEOS N8 microscope to show damaged of the fiber surface topography. The scanning electron microscopy (SEM) images were taken on a ZEISS EVO MA 10 microscope to confirm the growth of zeolite-X crystals on the fiber surface and thermal stability were analyzed by thermal gravimetric analysis (TGA) STAR S 10.00.
CO2 capture capacity
Zeolite-X and zeolite-X supported on kapok fiber were examined in order to determine CO2 capture capacity using the gravimetric method as illustrated in Scheme 1. The gravimetric apparatus was equipped with the furnace, analytical balance, degassing tool, mass flow control (MFC), vacuum pump and CO2 tube.
Each sample of zeolite-X and zeolite-X supported on kapok fiber were dried at 105 °C for 2 h, then cooled down to room temperature and stored in a desiccator. Afterward, 1 g of the adsorbent material was placed on the sample holder inside the tubular furnace, then degassed for 3 h at temperature of 350 °C for zeolite-X sample and 250 °C for zeolite-X fiber, then cooled down to room temperature. After degassing process, CO2 gas flowed into the sample at a flow rate of 20 mL/min controlled by MFC. The mass change was recorded every 1 min until it reached an equilibrium condition. CO2 adsorption capacity was calculated using Eq. (1). This experiment was conducted 3 times for each adsorption sample. 
RESULT AND DISCUSSION
Influence of Immersion Time with NaOH
Kapok fiber mainly consists of crystalline cellulose in the inner layer and noncellulose like lignin and hemicellulose in the outer layer. Fig. 1(a) shows that the smooth surface of raw kapok without NaOH treatment, while Fig. 1(b) and 1(c) show the roughness surface after NaOH treatment due to dissolved cellulose of fiber surface [13, 15] .
XRD patterns of samples at various immersion time were shown in Fig. 2 . It can be seen that all samples at immersion time from 12 h to 36 h have characteristic peaks of zeolite-X at 2θ = 6.1°; 9.9°; 11.7°; 15.4°; 23.3°; 26.68° and 30.9° according to the identification table of zeolite [14] . The characteristic peak intensity was decreased at various immersion times from 30 days to 36 h. Sample ZX-Kapok 24H has highest relative crystallinity characteristic peaks of zeolite-X (Fig. 3) . These result supporting the result of AFM that shown the increase of surface roughness, resulting in better adhesion between fiber surface and zeolite-X and also increase the amount of cellulose on the fiber surface, thus increasing the number of possible reaction sites [20] . It is also supported by the result of SEM in Fig. 4 , shown that zeolite-X crystal was grown on most of the fiber surface with a hexagonal crystal form at 24 h immersion time.
Thermal stability of zeolite-X supported on kapok fiber at 24 h immersion time is shown in Fig. 5 . There are two stages in this curve of TGA-DTG. At the first stage about 200 °C, the sample has weight loss 21 wt.% because of decomposition of lignin and hemicellulose of fiber. It was then followed by a second stage with 30 wt.% of loss, at temperature of 350 °C because of decomposition of cellulose crystalline and zeolite-X on fiber surface [20] . Therefore, this sample has stability thermal up to 300 °C.
CO2 Capture Capacity
Carbon dioxide capture capacity on zeolite-X supported on kapok fiber was found up to 15.1 wt.%. This result is smaller than zeolite-X without support material, which reached up to 21.5 wt.% as presented in Fig. 6 . It may occur because zeolite-X crystals attached to the surface of kapok fiber is not completely homogeneous and full coverage on the fiber surface. Zeolite-X supported on kapok fiber has CO2 capture capacity up to 15.1 wt.%. For further experiment, it would be better to understand the interaction between zeolite-X and kapok by comparing the FT-IR spectra of zeolite-X, kapok, and zeolite-X kapok fiber as well as CO2 gas adsorbed on the materials.
CONCLUSION
Zeolite-X supported on kapok fiber was successfully synthesized by hydrothermal method at various immersion times using NaOH 4 M solution. The growth of a zeolite-X crystal on kapok fiber surface has the highest crystallinity at immersion time of 24 h, it has thermal stability up to 300 °C and also CO2 capture capacity up to 15.1 wt.%.
